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A PRACTICAL APPROACH TO 
AVAILABILITY AND IRREVERSIBILITY 

by 

Barton M. Hoglund 

I. INTRODUCTION 

To the majority of engineers the Second Law of Thermodynamics is 
a myster ious physical law that has yet to be disproved but which defies un­
derstanding. There is no denying that the Second Law is a difficult concept 
to grasp, for, unlike the F i r s t Law, its development is based on mathemat­
ical inequalities, a nebulous property named entropy, and physically impos­
sible devices called revers ib le engines. It is not difficult to understand, 
therefore, why an analytical technique named "Second Law Analysis" has 
been shunned by all but a few. Fortunately, a tool as useful as the Second 
Law Analysis will certainly become more popular as the mystery is 
removed. 

The purpose of this paper is to shed additional light on the tech­
niques of a Second Law Analysis. The stimulus for writing this paper 
came from questions asked and difficulties that occurred during lectures 
on the subject to students at the graduate level. 

An excellent basic development of availability and i r revers ib i l i ty 
equations is presented in a paper by Keenan^ ' entitled Availability and 
I r revers ibi l i ty in Thermodynamics. Unfortunately, few engineers or p ro ­
fessors are aware of this work. The author believes that the concepts and 
algebraic manipulations utilized in Keenan's derivation are readily followed 
by the students but are not completely understood because of the students ' 
inability to relate some of the mathematical expressions with physical p roc­
e s s e s . This c lear ly manifests itself in the difficulties experienced by the 
students while trying to apply the equations to a practical problem. The 
difficulties a r i se because (l) the students fail c lear ly to define the sys ­
tem or subsystem to which the analysis applies, and (2) they are unable to 
define what forms of work should be included in the useful work t e rm and 
the maximum useful work t e r m . 

• 
This paper util izes Keenan's basic approach but presents the m a ­

ter ia l with emphasis upon a clear definition of the work associated with 
each subsystem involved in the p rocess . It is by this method that the stu­
dent can associate the concept or equation with something that has physical 
meaning. As an example, this derivation does not utilize explicitly the 
definition of the thermodynamic tempera ture scale, as did Keenan, but 



uses instead the expression for the efficiency of a revers ib le engine. The 
students have used the efficiency equation, understand its significance, and 
have seen it represented graphically; therefore, it is easily accepted. 
Equations representing the i r reversibi l i ty of a process are derived in t e rms 
of the various components of work which allow the i r revers ib i l i t i e s r e su l t ­
ing from friction and heat transfer to be separated and analyzed individually. 

The first thing the students require is justification of the Second Law 
Analysis. "What can be done with the Second Law Analysis that can't be done 
with the Fi rs t Law?" As pointed out by Keenan,(^^ the generality of the Sec­
ond Law is its main justification. Keenan says, "It is through this concept 
that processes as widely different as the decay of motion in a viscous fluid, 
the rectification of a binary mixture, and the dissociation of hydrogen perox­
ide can be examined from a common basis of comparison and their thermody­
namic quality compared quantitatively by means of the i r revers ib i l i ty or a 
coefficient of performance as here defined. " 

The Fi rs t Law provides a method for accounting quantitatively for 
the amounts of energy changed from one form to another or in transit ion 
between systems in the form of heat or work. The summary of such an 
energy balance is usually expressed in te rms of heat and work required or 
produced and thermal efficiencies or coefficients of performance, depend­
ing upon whether the device or process produces or receives work. 

The Second Law Analysis, on the other hand, provides a measure 
of the degree of sophistication of a device by comparing the work produced 
or received to that of an ideal device operating between the same initial 
and final s tates. The utility of the Second Law analysis is analogous to that 
of the property called entropy in that it provides a relative measure of 
quality rather than quantity. The summary of a Second Law Analysis is 
usually expressed in te rms of i r revers ib i l i t ies and coefficients of 
performance. 

The i r revers ibi l i t ies , as will be shown la ter , provide a quantitative 
measure of the loss of mechanically available energy that occurs when the 
performance of an actual device deviates from that of an ideal device. The 
coefficients of performance provide a measure of how closely the per form­
ance of an actual device approaches the performance of an ideal device 
with respect to work production or work requi rements . 

The Firs t Law Analysis is usually sufficient for the users of a 
device, for they are primari ly interested in the relative cost of the quantity 
of energy required to produce a unit of work, and this can be obtained from 
the thermal or mechanical efficiency. Those interested in the design and 
development of energy-converting devices could, however, use the Second 
Law Analysis as an effective tool in conjunction with the F i r s t Law Anal­
ys is . The Second Law Analysis, by pinpointing the location and magnitude 



of useful energy losses , would be extremely valuable in directing the most 
profitable r e sea rch and development effort. 

The development of the available energy concept that has proved 
most successful for the author is presented below. The derivation is 
basically the same as that presented by Keenan(l) but with emphasis 
placed upon a careful definition of the work te rms involved and upon des ­
ignation of the system or subsystem being studied. 

II. DERIVATION 

Availability is defined^^J as "the maximum work which can result 
from the interaction of system and medium (atmosphere) when only cyclic 
changes occur in external things except for the r i se of a weight." In this 
definition the system is assumed to include as nriuch mater ia l and/or 
machinery as is affected by the process , with the exception of the a tmos­
phere. The t e rm atnaosphere (or medium) in the above definition refers 
to an environment that is in its most stable state, and whose pressure and 
temperature a re unaltered by any process executed by the system. 

A. Availability of a Closed System 

COMPOS I T E - ^ , ^ 

SYSTEM ^ 

To evaluate the maximum useful work obtainable from the in ter ­
action of a system and the atmosphere, Keenan^l' proposed the model 
shown in Fig. 1. This model depicts a closed system, hereafter called the 

pr imary system, completely sur ­
rounded by a stable atmosphere 
at temperature TQ and pressure 
PQ, The system exchanges heat 
only with the atnnosphere and r e ­
acts with nothing else except an 
external, adiabatic device that 
either uses or provides energy 
in the form of work. For the in­
teraction of the pr imary system 
and atmosphere to be completely 
revers ib le , that i s , capable of 
producing the maximum useful 
work, it is necessary to postu­
late a cyclically operating r e ­
versible engine to provide for 
reversible heat transfer between 
the system and the atmosphere. 

The combination of the pr imary system, reversible engine, and atnnos­
phere will hereafter be called the composite system. 

Fig. 1. Model of Closed Systenn 



The actual useful work done by the composite systenn during an ex ­
pansion or contraction of the pr imary system is the algebraic sum of the 
pr imary system work, 6W, the work of the postulated revers ib le engine, 
6Wj^-£, and the work done by the atmosphere during any volume change of 
the pr imary system, dW^, or, 

6W^̂  = 6W -I- 6 W R E + dW^ (1) 

The maximum useful work is obtained when the various components 
of work are derived from reversible processes . The revers ible work done 
by the primary system may be expressed by 

6W = 6Q - dE . (2) 

If it is recalled that the efficiency of a reversible engine may be expressed 

' I R E = ( T - T O ) / T , 

the work of the reversible engine equals 

6 W R E = 6 Q R E ^ - ^ ^ . (3) 

where iSQj^j. represents the heat received by the reversible engine. 

By virtue of the sign convention adopted for the accounting of energy, 
the relation between the heat leaving the pr imary system and that entering 
the reversible engine is 

6 Q R E = -6Q . 

Thus, equation (3) becomes 

^ R E = - 6 Q ( I - ^ ) , (4) 

which is easily shown to be valid regardless of the direction of heat 
t ransfer . 

The only reversible work that can be done by the a tmosphere , since 
It IS m a state of stable equilibrium, is that of resis t ing a change in volume 
at constant pressure , po: 

dWa = PodVa . 

If the atmosphere is assumed to have fixed boundaries, then 

dVa + dV = 0 



and 

dWa = -Po dV . (5) 

Subs t i t u t i on of the e x p r e s s i o n s for w o r k , E q s . (2), (4), and (5), into Eq . (1), 
and r e c a l l t ha t for r e v e r s i b l e p r o c e s s e s 

dS = 6 Q / T 

r e s u l t in an e q u a t i o n e x p r e s s i n g the m a x i m u m usefu l w o r k in t e r m s of 
p r i m a r y sys tenn p r o p e r t i e s and a t m o s p h e r i c t e m p e r a t u r e and p r e s s u r e ; 

(dWu)max = ^E + TodS - p^dV . 

If a new quan t i t y 0 is def ined a s 

* = E + PoV - T Q S , 

then 

(dWu)max = -dO • 

By de f in i t ion , a v a i l a b i l i t y i s the m a x i m u m use fu l w o r k tha t can be 
done by a s y s t e m , in a g iven s t a t e , wh i l e i n t e r a c t i n g only wi th an a t m o s ­
p h e r e , o r 

m i n 
A v a i l a b i l i t y = A = $ - '^^ 

w h e r e 

0 n 

Since A d i f f e r s f r o m 0 by a c o n s t a n t , 3"rnin' ^^ ^^ obv ious t h a t 

AA = A<I> 

T h u s , 

(Wu)max = - r dO = -AO = -AA 

which s a y s , in effect , the m a x i m u m usefu l w o r k o b t a i n a b l e f r o m a s y s t e m -
a t m o s p h e r e c o m b i n a t i o n d u r i n g a c h a n g e of s t a t e of the s y s t e m is equa l to 
the c h a n g e in a v a i l a b i l i t y of the s y s t e m - a t m o s p h e r e c o m b i n a t i o n . 
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B. Availability Change of a Closed System Receiving Heat from an 
External Reservoir 

Many work-producing or -receiving devices require a t ransfer of 
heat between themselves and an energy reservoi r with a tempera ture dif­
ferent from that of the atmosphere. For purposes of analysis this r e s e r ­
voir may be included in the primary system, in which case the total 
property changes of the system would include the property changes of the 
reservoir . 

In many instances, however, it is more convenient to t reat this 
energy source as an external heat reservoi r . This convenience is easily 
seen if one considers the analysis of such energy-converting devices as 
gas turbines, internal combustion engines, and boilers , which require com­
bustion to release the chemical energy in the fuel. Considering the com­
bustion process to be an external energy reservoi r that supplies heat at 
the combustion temperature simplifies the analysis by eliminating the 
thermodynamics of chemical reactions. Fur thermore , the i r revers ib i l i t ies 

associated with the combustion 
process , losses about which little 
can be done, are not charged 
against the device being studied. 
This may be carr ied a step fur­
ther by considering the energy 
reservoir to supply heat at the 

^ metallurgical temperature limit; 
\ thus, the cycle or process is not 

penalized by man's inability to 
, develop suitable mater ia l s . 

The maximum useful work 
obtainable from a system exposed 
to a heat reservoir in addition to 
an atmosphere may be evaluated 
by studying the model shown in 
Fig. 2. 

REVERSIBLE 

REVERSIBLE 
EROIHE - n ^ 

/ ^ 

R E S E R V O I R 

T 
• 

•10, 

o 
w 

o 

\ 5» 

Fig. 2. Model of Closed System 
Receiving Heat from a 
Reservoir 

The maximum work is ob­
tained if reversible cyclic engines 
are used to transfer heat across 
finite temperature differences and 
if all other processes involved are 

reversible. It is not possible to transfer heat through an engine directly 
from the reservoir to the systenn because only a portion of the heat leaving 
the reservoir , dQj^, would reach the system. However, a quantity of heat 
dQR, can be made to go to the system, by utilizing two reversible cyclic 
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engines: reversible engine I t ransfers heat from the reservoi r to the at­
mosphere while reversible engine II takes sufficient heat from the atmos­
phere to reject dQj^ to the system. Thus, 

( d W j , = dWRE_i + 6WRE-II + 6W + dWa (6) 

The previous derivation shows, however, that the maximum useful work 
obtainable from a pr imary systenn exchanging heat only with the atmos­
phere through a revers ible cyclic engine is equal to minus d<J). Thus, 

S W R E - I I + 6W + dWg -d<I> (V) 

The work provided by reversible engine I equals 

dWRE-I = dQR^lB_lZf l^ , (8) 

where dQR is the heat received reversibly from the reservoir by the pr i ­
mary system. Combination of Eq. (7) and Eq. (8) with Eq. (6) gives an 
expression for the maximum useful work of a system exposed to an atmos­
phere and receiving heat from an energy reservoir ; 

(dWjr -dA -dO + dQR (9) 

C. Available Energy Associated with Flow across the Boundaries of a 
Control Volume 

When analyzing equipment or components which utilize flowing 
fluids, it is often more convenient to think in te rms of a control volume 
(fixed volume) rather than a system (fixed mass) . Therefore, it is 
desirable to derive the equations for maximum useful work as they r e ­

late to a control volunne. Figure 3 
represents a control surface a through 
the boundaries of which flow a fluid 
or fluids and which exchanges heat 

i t r , / ,^-^/V,,-ri1lC' only with the atmosphere. The ma­
ter ia l that was within a at tinne t has 
moved to the position shown by the 
dashed lines in the time interval dt. 

The rate of doing useful work 
as the fluid passes through O is 

(dWu); 
dt 

-dA 
dt 

-dO 
dt 

Fig. 3. Model of Control Volume 
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We see f rom F ig . 3 tha t the r a t e of change of a v a i l a b i l i t y i s 

AA ($11+ OinJt +At - ( ^ 1 + "^Ilk _ ('^Il)t + At - (1'll)t 

At At 

^ o u t <t>^^ S i n 0 A m 

At 

At At 

In the l i m i t a s At a p p r o a c h e s z e r o , r e g i o n II b e c o m e s the s p a c e 
wi th in the c o n t r o l vo lume a, and the r a t e of change of a v a i l a b i l i t y m a y 
be w r i t t e n a s 

dA 
dt St + 2 out ^ in * ^ 

T h u s , the r a t e of p roduc ing the m a x i m u m usefu l w o r k , o r the m a x i m u m 
useful power r e l e a s e d , in the p r o c e s s is 

(dWu)r 

dt = ( P u ) m a x = - I A T ) + ^ i n * ^ dt • 'out (10) 

In g e n e r a l , when we have a dev ice tha t u t i l i z e s a f lowing fluid we 
a r e i n t e r e s t e d p r i m a r i l y in the "shaft w o r k " (work d e l i v e r e d by a shaf t , p i s ­
ton rod , e l e c t r i c a l c o n d u c t o r s , e t c ) tha t can be d e l i v e r e d . The to t a l usefu l 
work as e x p r e s s e d b y Eq, (10) i nc ludes flow w o r k done on o r by the fluid 
e l e m e n t Am in c r o s s i n g a p lus the w o r k done on o r by the a t m o s p h e r e ( this 
a s s u m e s no fluid s h e a r s t r e s s e s at the point w h e r e f luid c r o s s e s the con t ro l 
s u r f a c e ) . To d e r i v e equa t ions in t e r m s of m a x i m u m and a c t u a l shaft w o r k , 
we m u s t s u b t r a c t the flow and a t m o s p h e r e c o m p o n e n t s of w o r k f r o m the 
to ta l useful work , o r 

(dWs)i. 

dt (P.Jr 
(dWu)r dWfic dW^ 

dt 
(11) 

If the fluid e l e m e n t , at p r e s s u r e p , is flowing into the c o n t r o l v o l u m e , it 
m u s t r e c e i v e the flow w o r k . T h u s , by the a c c e p t e d s ign conven t ion . 

dt l im 
AT-*0 

^ o u t Pv ^ r n - 2 jn pv Am 

At 
(12) 

The net w o r k done by the a t m o s p h e r e is the d i f f e r ence b e t w e e n the 
w o r k r e c e i v e d while r e s i s t i n g the flow out of a and the w o r k e x p e n d e d on 
the inflow; 

dWa 

dt ^ i n Po"™ " ^ o u t P o ^ ^ (13) 
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The general expression for the maximum shaft work obtainable 
from a control volume is obtained by substituting Eqs . (lO), (12), and 
(13) into (11), or 

(dWs) 
^ S 'max 3 ( p = - f l i ) + X. (0+pv-p_v)w 

-Eout (* '^P^ 'Po^) w • (^^) 

Recall that 

0 s e + pov - TQS 

that for a system in the absence of capillari ty and external force fields 
other than gravity 

c^ g 
e = u +^5— +_°_ z 

2gc gc 

and that the enthalpy may be expressed as 

h = u + pv 

allows (14) to be written as 
(dWs )max ;-tf^-('-«-#.*i') dt 

- T„s +-~ + - i - z] w . (15) 
° ^Sc gc 

It is convenient at this point to define a new property 

The utility of b is that any change in this property represents the change 
of availability for the majority of steady-flow processes encountered, i .e. , 
where velocity changes and gravitational forces a re negligible. 

By use of this new property, the general expression for the maxi­
mum available shaft work obtainable by virtue of flow ac ross the surface 
of a control volume becomes 

dt 



If an energy reservoir outside of 0 supplies an amount of heat dQR 
at temperature T R to the fluid inside of a, reasoning analogous to that used 
in obtaining Eq, (9) shows that the general experession for the maximum 
available shaft work becomes 

(dWs)rnax = JM + £• (h ^ ^ + A . z ) w - Zout |b + ^ ^ + 
, 2 

Z 

dt \S t / a '̂̂  V 2g^ g^ J °"*V 2gc ec 

For most "semi-flow" processes it is easier to work with total 
changes rather than rates of change, and the above equation is generally 
more useful in the form 

- o , ( ^ ° ) . (16) 

If steady flow conditions prevail, the state of the fluid at any point 
within the control volume must not change with t ime, or 

z 1 dm 

(This expression holds also for cyclically operating devices because $ 
is a property,) The expression for the rate of change of availability 
(or the maximum useful shaft power) for a steady-flow system interacting 
with the atmosphere and receiving heat from an external rese rvo i r then 
becomes 

• 4 T - = (Ps)max = 2 i n / b + j - + - A z \ w - Sout Z'̂  + 7 7 - + ; f ^ 1 w dt - - m a x - i n , " 4 + ^ - ) w - S o , t ( b + ^ 

+ ^R^ TR 

III, IRREVERSIBILITY 

The irreversibi l i ty of a process is defined as a quantitative m e a s ­
ure of the loss of useful work suffered during the execution of the p rocess . 
It is a measure of the deviation of the actual process from the ideal p rocess . 

Two types of equations are available for evaluating the i r r e v e r s i b i l ­
ity of a process . One type expresses the i r revers ib i l i t i es in t e rms of the 
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entropy change of all components affected by the p rocess ; the other ex­
p resses it as the difference between the maximum useful work (or power) 
and the actual useful work (or power). As pointed out by Keenan,(2) the 
equations utilizing the entropy changes a re sometimes easier to use, but 
they do not show the nature of the i r revers ib i l i ty as clearly as do the 
equations utilizing the work t e r m s . Both types of equations will be devel­
oped below. 

A, I r revers ibi l i ty in Te rms of Work 

A mathematical expression of i r revers ib i l i ty may be written as 

I = (W ,̂) - W^ , (17) 
^ max " 

= -AA - W^ . (18) 

The actual useful work differs from the availability change because of 
friction and heat t ransfer ac ross finite tempera ture differences. 

The frictional effects manifest themselves in two ways; as turbu­
lence or shear work in a fluid, and as sliding or shear work in the bearings, 
cylinders, linkages, e tc . Frict ion contributes to the i r revers ib i l i ty of a 
process by converting available energy, of a "high-grade" mechanical form, 
into heat, a "lower-grade " form of energy. Not all of the availability of the 
high-grade energy is lost, however, for if the heat that is generated is t rans­
ferred to the a tmosphere , a fractional amount [1 - ( T Q / T ) ] of the original 
available energy would be recovered . This "recovery" of available energy 
is the basic concept behind the reheat factor that is often used in turbine 
design. 

Kiefer, Kinney, and Stuar t '^ ' point out quite clearly that equations of 
a thermodynamic nature (energy balances) do not show the frictional effects 
explicitly, but that the frictional effects can be shown explicitly in equations 
of a mechanical nature (force balances) . Thus, a dynamic analysis of an 
elementary mass of a flowing fluid which is producing shaft work resul ts 
in the following equation; 

_ i dz + - ^ ^ + 6Ws = -vdp - 6V , (19) 
gc gc 

where dTp r ep resen t s the frictional effects. The steady-flow energy equa­
tion, on the other hand, is written as 

J dz +^^ + 6Ws = -dh + 6Q . (20) 
gc gc 
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An i n t e r e s t i n g r e l a t i o n i s ob ta ined by equa t ing the r i g h t hand s i d e s 

of E q s . (19) and (20); 

6 Q = dh -vdp - 6^ 

= de + pdv - 6f . 

C o m p a r i s o n of th i s with the F i r s t Law w r i t t e n in t e r m s of r e v e r s i b l e 

p r o c e s s e s : 

&Qj,ev = dh - vdp • 

= de + pdv 

shows 

6 Q r e v = &Q +&Tp • (21) 

If th i s i s subs t i t u t ed into the def ini t ion of e n t r o p y ; 

do - ,^ , 

a g e n e r a l e x p r e s s i o n for en t ropy i s ob t a ined : 

dS 
5Q + ay/ (22) 

which shows m a t h e m a t i c a l l y that the e n t r o p y change i s a f fec ted not only by 
the t r a n s f e r of hea t , but a l s o by the p r e s e n c e of f r i c t i o n . The fac t t h a t the 
f r i c t i ona l t e r m dip is pos i t ive (a lways t ends to i n c r e a s e the e n t r o p y ) i s e a s i l y 
e s t a b l i s h e d with the p r i nc ip l e of the i n c r e a s e of e n t r o p y : 

dS 
6Q 

I r r e v e r s i b i l i t y in t e r m s of w o r k c o m p o n e n t s m a y be ob t a ined by 
subs t i t u t ing E q s . ( l ) , (2), (5), and (9) into 

61 = (6W ) - 6W 
w " u ' m a x ' ^"u 

which g ives 

61 = dQR( ^ ^ j - d * - LsWj + 6Wii + 6Q - dE - p^dV 

= (max useful work) - (ac tua l useful w o r k ) 
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E x p a n d i n g d<I>, 

61 = d QR l^^^^f^] - 6Wi + TodS - 6Q - 6Wn 

Substituting Eq. (22) for dS and regrouping give 

61 = -(^)-H{-m 6 Q - 6W I I + ^ 6f. (23) 

The t e rms in the brackets represen t i r revers ib i l i t i es result ing from heat 
t ransfer , and the las t t e r m rep resen t s i r revers ib i l i t i e s resulting from 
friction. Note that this equation shows that only a fraction of the frictional 
losses become unavailable. The t e r m s 6Wj and 6Wjj represent actual use ­
ful work obtained as the resul t of heat t ransfer . In most practical cases 
6Wj and 6Wjj would be zero . However, with the development of various 
thermoelectr ic devices the day may come when the useful work does not 
equal zero . Proper manipulation of the semi - and steady-flow availability 
equations gives equations identical in form with Eq. (23). 

B. I r revers ibi l i ty in Te rms of Entropy for a Closed System 

The F i r s t Law says that the actual useful work that may come from 
the composite system shown in Fig. 1 is 

W,. AE - A E , (24) 

since AEj is zero for the cyclically operating engine. Substitution of 
Eq. (24) into Eq. (18) and recal l that 

AV = -AVa 

allows the i r revers ib i l i ty to be expressed as 

I = ToAS + AEa + Po AVa • 

which may be reduced to 

I = To (AS + ASa) (25) 

When heat is t r ans fe r red from a rese rvo i r external to the prinnary 
system, the i r revers ib i l i ty for the sys t em- re se rvo i r combination becomes 

I = -A$ + QR W,. (26) 
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The useful work of the composite system is 

W^ = -AE -AEa + Q R • ^^''^ 

When Eq. (26) and (27) are combined and it is recalled that Q R represen t s 
the heat received by the system from the reservoi r (or T R A S R = - Q R ) . the 
i r revers ib i l i ty takes a form analogous to Eq, (25), i .e. , 

I = TQ (AS +ASa + A S R ) . (28) 

From Eqs. (25) and (28) it is seen that the i r revers ibi l i ty is equal to the net 
entropy change of all subsystems involved in the process multiplied by the 
absolute atmospheric temperature . 

C. Irreversibi l i ty of Flow across a Control Surface 

The i rreversibi l i ty resulting from processes involving flow across 
the boundaries of a control volume may be written in t e rms of useful shaft 
work rather than total useful work: 

61 = ( d W j ^ ^ ^ - 6Ws . (29) 

This equation is equivalent to Eq. (17) because, in the absence of fluid shear 
s t r esses at the control surface, the shaft work differs from the total useful 
work by the amount (p -pQ)vAm. 

An energy balance applied to the control volume pictured in Fig. 3 
provides the following expression for the useful work done in an increment 
of time dt; 

-dE, +Z.„(h + ^ +X .)am - . „ , , (" ̂ iTc ^ i ^y--

+ dQR - 6Qa . (30) 

Substitution into Eq. (29) of the relation for (dWs)n-iax' obtained by multiply­
ing Eq. (15) by dt, and the expression for 6Ws gives the i r revers ib i l i ty as 

61 = -PodV, + TodS(j + T„ Poutsdm - Z- sdm] - T;;^ dQ„ + ^ ^ 
, n " - J T R " - R • T o 

(31) 

The first term on the right-hand side of Eq. (31) is zero because 
dV is zero for a control volume. The quantities ^ Q ^ / T ^ and dQR/TR may 
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be replaced by 63, and -dSR, respectively [the minus sign for dSR is ex­
plained in the development of Eq. (28)]. Therefore, the general expression 
for the i r revers ib i l i ty of flow ac ross a control surface becomes 

61 = TQ [dSa +2:„^tsdm - ^ inSdm + dSR + 6Sa] • (32) 

D. I r revers ibi l i ty in Steady Flow 

For steady flow conditions the integrated form of (32), in t e rms 
of a unit mass of a single s t r eam of fluid, is 

I = To [Sz - S, + A S R +ASa] . (33) 

Again it is seen that the i r revers ib i l i ty is the product of TQ and the net 
entropy changes of the subsys tems. 

IV. COEFFICIENTS OF PERFORMANCE 

Coefficients of performance provide a simple and convenient method 
for comparing the relat ive mer i t s of different cycles or p rocesses . Coef­
ficients can be defined in a number of ways, nnost of which apply primari ly 
to certain specific features or p rocess . In general, it is desirable to have 
the coefficients vary from zero to one, and to equal one when the device is 
performing in an ideal manner . 

For work producing cycles or devices, Keenan^l/has defined the 
coefficient of performance as 

Ci = Wy(W^)^ax . 

which approaches a value of one as the performance of the device approaches 
that of a revers ib le device. This may be seen if Cj is expressed in te rms of 
i r r eve r s ib i l i t i e s : 

1 
(WuU 

For work-receiving devices, (W^j)j^ax ^"^ ^ u ^^^ ^^^^ "^^" ^^^° ^"'^' 
in general , the absolute value of W^ is greater than {^a)ma.:x.- Thus, a coef­
ficient with the desired charac te r i s t i cs for work-receiving devices is 

Cz = (Wu)max/Wu . 

- ^ 
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V, DISCUSSION i 

Two types of equations that express i r revers ib i l i t i es are now avai l ­
able. The application of these equations to non-flow, semi-flow and steady-
flow processes is given in the Appendix. 

The student should be discouraged from using the equations involving 
entropy changes in the initial stages of study, part icularly for problems in 
which the i r revers ibi l i ty is zero, because of their tendency to use "crutches," ; 
such as ! 

dSisol = 0 , I 
] 

without truly understanding the physical significance of what they are doing. 
If the student is required to express , for the first few problems, the i r r e - l 
versibility in t e rms of the maximum and actual work done by the various j 
components of the composite system, the entire concept becomes c l e a r e r . ! 
Fur thermore , if the magnitude of the A S t e rms in the entropy-type i r r e v e r s ­
ibility equations are compared with the magnitude of the various t e rms in 
the work-type equations, the significance of the AS t e rms soon becomes ) 
apparent, i .e. , the student can now relate the entropy changes to physical i 
p rocesses . 

An analysis of the i r reversibi l i ty equations given by Keenan in 
reference (2); 

dl "(I^) dQ - dW -d$ (34) 

I = T o ^ -To / ^ , (34a) 

reveals that these expressions account only for the frictional loss of the 
pr imary system; they do not account for i r revers ib le heat t ransfer . This 
may be seen by substituting his definition of useful work 

6Wy = 6W - p^dV 

and expressions (2) and (31) into (34), which gives 

T 
61 = ^ 6 , ; / 

This is also readily seen in Eq, (34a) if a general expression for the 
entropy change Eq, (32) is utilized. 
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VI. CONCLUSIONS 

Using the basic approach of Keenan,vl) but with ennphasis placed 
upon recognition of the components of work supplied by the various parts 
of the composite system, equations were developed which expressed the 
change in availability and the magnitude of the i r revers ibi l i ty for non-
flow, semi-flow, and steady-flow sys tems. The author believes that the 
concept of the Second Law Analysis becomes easier to grasp when the 
physically comprehensible work t e rms are s t ressed instead of the 
nebulous quantities normally associated with the Second Law. 

Through use of the general expression for entropy change given in 
reference (3), the i r revers ib i l i ty equations were arranged to show specif­
ically what portion of the losses come from friction and from i r revers ib le 
heat t ransfer . It was further shown that the equations for i r reversibi l i ty 
given in reference (2) do not account for i r revers ib le heat transfer be­
tween the p r imary system and the atmosphere. 
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APPENDIX 

The following examples a re given to show the application of the 
preceding equations. 

Closed System 

Given; One pound of steam initially at 500°F is s t i r red at a con­
stant p r e s su re of 200 psia until V2 = 2Vi. The atmosphere is at a pressure 
of 14.7 psia and a tempera ture of 60''F. 

Calculate; The change in availability and the i rreversibi l i ty asso­
ciated with the process for the following cases : (a) adiabatic; (b) 75 Btu 

6Q dh 
are lost to the a tmosphere at a ra te such that Q tot 

Solution; 

(a) Adiabatic 

F r o m the steam tables, 

hi = 1268.9 Btu/lb 

Si = 1.6240 Btu/lb-°R 

Vl = 2.726 f tyib 

Ul = 1168.0 Btu/lb 

U2 = h2 - P2V2 = 1 5 2 8 . 3 B t u / l b 

h2 = 1 7 3 0 . 2 B t u / l b 

S2 = 1.9642 Btu / ( lb) (°R) 

2vi = 5.452 f t y i b 

F r o m Eq. (9) it i s s e e n that the change in a v a i l a b i l i t y equa l s 

A$ s i n c e t h e r e is no h e a t t r a n s f e r f r o m an e x t e r n a l r e s e r v o i r (dQR - 0) 

t h e r e f o r e , 

AA = A $ = AU + PoAV - T Q A S = 190.8 Btu 
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Obviously AA is the same for both the adiabatic and the heat t ransfer cases 
since ^ is a property of the system. 

The i r reversibi l i ty may be calculated from Eq. (23): 

61 d Q r - 6Wi 
T - T, 

6Q - 6Wn + ^ 6^ T 

The first bracket equals zero because dQR = 0 and no useful 
work is obtained from reversible engine I (see Fig. 2). The second bracket 
equals zero for similar reasons; therefore. 

I d ^ 

which indicates all of the i r revers ibi l i ty is due to friction. 

To evaluate 6^ we may write the F i r s t Law as follows: 

TdS = dU + p dV = 6Q + 6^ , (A-l) 

which reduces to 

df = du + pdv = dh 

The integral of (To/T)d^ may be evaluated graphically from a 
plot of T O / T VS h. This integration will yield 

-— dh = 177 Btu 

The use of Eq. (25) gives the same answer much more rapidly, but does 
not provide the same insight into the nature of the i r revers ibi l i ty : 

I = TQAS = 177 Btu 

(b) 75 Btu Heat Transfer 

The first bracket of Eq, (23) equals zero as before. Since there 
is heat transfer between the system and atmosphere, there is a potential for 



obtaining some work. However, the actual work obtained is zero since the 
heat does not pass through a thermal converter of any type. Therefore, 

J I <-1 

Equation (A-l) shows 

6^ = dh - 6 Q 

It was assumed that 

6Q dh 
QTotal ^2 - hi 

therefore, the frictional component of the i r revers ibi l i ty can be expressed 
a s 

[^^f - i^.-^.-o) | > ( i a ^ 

The graphical integration in part I gives 

^̂  To ^ 1 ^ _ , 0 383 _ 
T ( h j - h i ) 

and the i r revers ib i l i ty resulting from friction is 

-.2 
T 
—2-6^ = (461.3 + 75)(0,383) = 205.7 Btu/lb 

o 1 

The i r revers ib i l i ty resulting from heat transfer is 

T - T 

/, ^ 

^ 6Q = Q( l -0 .383) = 46.3 Btu/lb 

The total i r revers ib i l i ty is 

I = 46.3 + 205.7 = 252 Btu/lb 
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Once again it may be seen that Eq, (25) gives the answer with 
much less effort, e.g.. 

I = To(AS +ASa) = T (0.3402) + ^ 25 2 Btu/lb 

but it fails to reveal the source of the loss . 

"Semi-flow" Problem 

Given; A tank containing one pound of steam at 300 psia and 700°F 
is isolated from a cylinder and a frictionless piston by a valve. Initially, 
the volume between piston and cylinder is zero . A steady force is acting 
upon the piston such that a pressure of 100 psia is required to move the 
piston. The valve is opened slightly and steam flows into the cylinder 
slowly, until the pressure on the two sides of the valve equal izes. Assume 
the process to be adiabatic. To = 530 °R, and p = 14.7 psia. 

Calculate; 

(1) the change in availability of the steam upon entering the 
cylinder; 

(2) the available energy in the steam that left the tank; 

(3) the change in availability across the valve; 

(4) the i r revers ibi l i ty associated with (a) the cylinder; (b) the 
valve; and (c) the steam leaving tank. 

Solution; After the p ressure has equalized at 100 psia, the condi­
tions in the cylinder and tank are the following; 

Cylinder Tank 

m = 0.571 lb steam 0.429 lb steam 

T = 570°F 439°F 

h = 1314.2 Btu/lb 1248.1 Btu/lb 

u = 1202.5 Btu/lb 1151.9 Btu/lb 

s = 1.7448 Btu/(lb)(°F) 1.6751 Btu/(lb)(°F) 

V 6.031 ftVlb 5.197 ftVlb 

(1) The change in availability due to the processes in the cylinder 
is determined by reducing Eq. (16) to 

AA = / -d* yj + (mb).^ = -54.41 Btu 
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(2) The available energy in the steam leaving the tank equals 

r 0.571 
^ ^ =/ bout dm = mh^^^t - mToS^^^i^ = 243.48 Btu . 

(3) The change in availability ac ross the valve is evaluated from 
Eq. (l6) reduced to the form 

fa.sii 
AA= m b^^^^ - / bindm = -21.1 Btu 

(4a) The i r revers ib i l i ty of the process of steam entering the cylinder 
and raising the weight is 

= y ^ 6V' = 0 . 

6 /̂ = T ds 

This shows that all of the available energy dissipated in the cylinder p ro­
duced useful work. 

(4b) The i r revers ib i l i ty resulting from the throttling of steam through 
the valve is 

r out ^ 
I =/ -^ iiii = T^AS = 21.1 Btu 

J in 

(4c) The i r revers ib i l i ty associated with steam leaving the tank is 

I = J - : ^ 6V = 0 Btu 

Steady-flow System 

Given; An oil-fired furnace is to be used in conjunction with a nu­
clear reactor to superheat the steam and to preheat the feedwater in an 
economizer section. With a steam flow rate of 2.2 x 10^ Ib/hr , the terminal 
s team conditions a r e ; 

IN OUT 

P = 420 psia 370 psia 
T = 449°F 1000°F 
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The f eedwa te r flow r a t e i s 1.97 x 10^ I b / h r and the t e r m i n a l cond i t i ons a r e : 

IN OUT 

P = 50 p s i a 50 p s i a 

T = 193°F 213°F 

The fu rnace r e l e a s e s 258 Mw of h e a t . The a m b i e n t t e m p e r a t u r e i s 70 F 
and the a l lowab le m e t a l l u r g i c a l t e m p e r a t u r e l i m i t i s 1200°F. 

C a l c u l a t e ; ( l ) the to ta l change in a v a i l a b i l i t y and (2) the i r r e v e r s i ­
b i l i ty due to (a) f r i c t ion in the s u p e r h e a t e r and (b) due to h e a t t r a n s f e r . 

Solut ion; 

(1) T h e t o t a l c h a n g e i n a v a i l a b i l i t y p e r u n i t f l o w r a t e of s t e a m i s 

c a l c u l a t e d f r o m 

AA /wfwN ^ R / T R - T o \ / 
= A b „ ^ „ , ^ + Abf \—^] -—-'•{—^ = - 1 0 4 . 4 6 B t u / l b s t e a m 

WgAt s t e a m fw\^ Wg / W g \ T R j ' 

(2) The i r r e v e r s i b i l i t y a s s o c i a t e d with the h e a t - t r a n s f e r p r o c e s s e s 
i s d e t e r m i n e d by r e d u c i n g E q . (23) to 

s t e a m f eedwa te r 

G r a p h i c a l eva lua t ion of the i n t e g r a l s af ter subs t i t u t i ng dH for 6Q y i e l d s 
the i r r e v e r s i b i l i t y due to hea t t r a n s f e r ; 

% . T . = "5^-4 B t u / l b s t e a m 

The i r r e v e r s i b i l i t y due to f r i c t ion is 

i!± _ ^ ^^ ^ I dh 
s t e a m 

I = T Q 1 - ; ^ = To ASs - To / -;jr = 9.86 B t u / l b s t e a m 

The to ta l i r r e v e r s i b i l i t y 

I = 104.46 B tu / l b s t e a m 

i s e a s i l y checked by using E q s . ( l8) or (32). 
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b Defined p r o p e r t y t ha t is r e l a t e d to the 
a v a i l a b l e e n e r g y of a s y s t e m with 
flowing f lu ids 

c Ve loc i ty of fluid s t r e a m s 

d Deno te s e x a c t d i f f e r en t i a l {a function 

of end s t a t e s ) 

E T o t a l i n t e r n a l e n e r g y 

e Specif ic i n t e r n a l e n e r g y 

g A c c e l e r a t i o n due to g r a v i t y 

gc P r o p o r t i o n a l i t y cons tan t 

h Specif ic en tha lpy 

I I r r e v e r s i b i l i t y 

m M a s s 

P P o w e r 

p P r e s s u r e 

Q Quan t i ty of e n e r g y in the form of heat 

q R a t e of h e a t t r a n s f e r 

S T o t a l e n t r o p y 

s Specif ic e n t r o p y 

T T e m p e r a t u r e 

t T i m e 

u Speci f ic i n t e r n a l e n e r g y of a pu re 

s u b s t a n c e in the a b s e n c e of motion, 

g r a v i t y , e t c . 
V To ta l v o l u m e 

V Speci f ic v o l u m e 

W Work 

|w Flow r a t e 

!Z E leva t ion 

A Ind ica tes a finite i n c r e m e n t 

6 Inexact d i f f e ren t i a l {not a funct ion of 

j end s t a t e s ) 
j 
7] Eff ic iency 

A Re la t i ve ava i l ab l e e n e r g y 

$ Defined p r o p e r t y tha t is p r o p o r t i o n a l 
to the t o t a l ava i l ab l e e n e r g y of an 
ad iaba t i c p r i m a r y s y s t e m - a t m o s p h e r e 
c o m b i n a t i o n 

0 Specific va lue of p r o p e r t y defined abov< 

S u b s c r i p t s 

a A t m o s p h e r e 

m a x M a x i m u m 

min M i n i m u m 

o R e f e r s to a t m o s p h e r e in i t s m o s t 

s t ab le s t a t e 

R R e s e r v o i r 

R E R e v e r s i b l e engine 

r e v R e v e r s i b l e 

s Shaft 

0 Con t ro l v o l u m e 

1 & II P o s t u l a t e d hea t eng ines 
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